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I.  INTRODUCTION 


In  modern  vacuum  electronic  systems,  the  interaction  of  energetic  particles  with  solid 
surfaces  is  playing  an  increasing  role  in  determining  the  operating  characteristics  of  the 
device,  as  electron  beam  energy,  current,  and  pulse  duration  continue  to  increase.  The 
production  of  secondary  electrons  on  surfaces  exposed  to  electron  beams  and  oscillating 
electromagnetic  fields  can  have  deleterious  effects  on  the  operation  of  these  devices,  such  as 
reduced  efficiency  in  High  Power  Microwave  (HPM)  tubes  and  degraded  performance  of 
particle  accelerators.  Characterizing  the  secondary  electron  yield  (S.E.Y.)  of  materials  used 
for  these  applications  is  an  important  part  of  improving  the  general  understanding  of 
electron-material  interactions,  and  may  allow  for  significant  gains  in  device  performance  if 
low  secondary  yield  can  be  identified.  This  is  particularly  true  in  the  context  of  depressed 
collectors  in  high  average  power  gyrotrons. 

The  published  secondary  electron  yield  reported  for  a  given  material  varies  often  by  ±7% 
from  one  laboratory  to  another.  The  discrepancy  in  these  data  may  be  due  to  various  factors 
including  the  following:  surface  morphology,  surface  contamination  (i.e.  oxidation  layers  and 
adsorbed  gases),  measurement  techniques,  cleaning  processes,  and  use  of  different  primary 
electron  beam  currents. 

This  final  technical  report  summarizes  our  activity-to-date  in  measuring  the  S.E.Y.  of 
materials  with  applications  to  depressed  collectors. 
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II.  STATUS  OF  THE  PROJECT 


A.  Experimental  Description  -  Low-Energy  Measurements 

Secondary  electrons  are  usually  referred  to  as  “true”  if  they  possess  energies  less  than  50  eV 
[1].  Thus,  to  perform  S.E.Y.  measurements  involving  so-called  “true”  secondary  electrons, 
guns  capable  of  producing  low-energy  electron  beams  are  necessary.  By  replacing  the 
commercial  Kimball  Physics  electron  gun  and  power  supply  (model  #EGH -6002/EG PS 
6002)  with  an  ELG-2  electron  gun  (energy  range  5  eV  -  2000  eV)  by  the  same  manufacturer, 
we  have  performed  several  DC  measurements  of  S.E.Y.  over  a  low  energy  range.  (Previous 
measurements  were  made  strictly  at  high  energies.)  The  ELG-2  gun  uses  a  standard  tantalum 
disk  cathode  and  can  deliver  1  pA  into  an  approximately  1  mm  spot  at  a  20  mm  working 
distance  and  10  eV.  Figure  1  depicts  the  gun  beam  current  as  a  function  of  beam  energy  for 
two  values  of  the  source  (cathode)  current. 


Figure  I.  Beam  current  of  ELG-2  electron  gun  vs.  beam  energy  for  two  values  of  cathode  current. 

Initially,  the  beam  current  increases  as  beam  energy  is  increased  and  the  gun  operates  in  a 
temperature-limited  regime.  As  the  beam  energy  is  further  increased,  the  beam  current  levels 
off  and  the  gun  enters  a  space-charge-limited  mode  of  operation. 

The  gun  operation  and  data  acquisition  (beam  and  target  currents)  are  accomplished  through 
the  same  DAQ/GP1B  boards,  electrometer  (Keithley  Instruments,  Inc.)  and  a  personal 
computer  running  LaBVIEW  6.1  (National  Instruments,  Inc.)  used  in  the  higher  energy 
experiments  described  in  our  previous  two  annual  reports.  Experiments  are  performed  in  an 
UHV  vacuum  chamber  (modified  GEC  reference  cell),  the  cut-away  view  of  which  is  shown 
in  Figure  2.  To  monitor  gas  composition  in  the  chamber  during  pump-down  and  while  taking 
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measurements,  a  residual  gas  analyzer  (RGA)  (MKS  instruments,  Inc.)  is  employed.  Figure 
3  shows  a  scan  snapshot  obtained  from  the  RGA  at  a  pressure  of  5.9x10 8  Torr  and  6.25  eV 
and  1 000  e V  beam  energies. 


Figure  2.  Cut-away  view  of  the  UHV  chamber.  1  -  ELG-2  electron  gun;  2  -  sample  holder;  3  -  Faraday 
cup;  4  -  thermocouple. 


Figure  3.  RGA  scan  snapshots  at  5.9x1  O'8  Torr  and  6.25  eV  (smaller  picks)  and  1000  eV  beam  energies. 


7 


Low-energy  (5  eV  -  1000  eV)  DC  measurements  of  S.E.Y.  were  made  using  a  copper  target 
for  both  normal  and  oblique  incidence  of  the  primary  electron  beam.  DC  measurements  of 
the  S.E.Y.  of  a  copper  substrate  plasma-sprayed  with  boron  carbide  [2]  are  under  way.  The 
data  will  be  recorded  over  the  full  range  of  the  gun:  5  eV  to  2  keV.  The  DC  measurements 
will  be  followed  by  measurements  in  the  pulsed  regime  for  comparison.  The  sample  holder 
used  in  high-energy  measurements,  shown  in  Figure  4,  has  been  redesigned  to  make  it 
sturdier  and  less  susceptible  to  field  distortion  inside  the  chamber  due  to  dielectric  charging, 
as  indicated  in  Figure  5. 


Figure  4.  Sample  holder.  1  -  machinable  ceramic;  2  -  copper  wire  connecting  target  to  conflat  flange  with 
BNC  feedthroughs. 
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Although  all  the  measurements  so  far  have  been  DC,  the  gun  may  also  be  operated  in  the 
pulsed  mode  and  we  are  planning  experiments  to  compare  the  pulsed  results  with  the  DC 
results. 


B.  Targets  used  and  SEM  images 

The  samples  under  study  were  approximately  25  mm  in  diameter  and  3  mm  thick.  The 
copper  sample  was  subjected  to  mechanical  sanding  to  ensure  uniform  surface  structure  and 
then  mechanically  cleaned  with  ethyl  alcohol  prior  to  placement  into  vacuum.  No  surface 
preparation  was  necessary  for  the  boron  carbide  sample,  as  it  was  enclosed  in  an  airtight, 
dust-free  package.  Figures  6  and  7  present  SEM  images  of  copper  and  boron  carbide  at 
different  magnification  levels. 


Figure  6.  SEM  images  of  copper  sample. 


It  is  evident  from  the  SEM  pictures  that  neither  of  the  surfaces  is  smooth  on  the  micron  scale. 
In  addition,  the  surface  of  the  boron  carbide  is  much  rougher  than  that  of  copper.  Since 
surfaces  with  more  irregularities  tend  to  exhibit  reduced  secondary  electron  emission  yields 
[5],  we  expect  the  boron  carbide  sample  to  have  a  lower  S.E.Y. 
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Figure  7.  SEM  images  of  copper  sample  plasmas-sp rayed  with  boron  carbide. 


C.  Preliminary  low-energy  measurement  results 

Figure  8  shows  a  graph  of  target  current  vs.  beam  energy  for  the  copper  target  at  normal  and 
oblique  incidence  of  the  primary  electron  beam.  Positive  angles  indicate  clockwise  rotation, 
while  negative  angles  correspond  to  anticlockwise  rotation  -  angles  being  measured  with 
respect  to  the  normal  incidence  of  the  electron  beam. 
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Figure  8.  Target  current  vs.  beam  energy  for  clockwise  and  counterclockwise  rotation  of  copper  target. 


10 


Rotation  of  the  sample  holder  is  accomplished  via  a  differentially  pumped  rotary  seal.  The 
limitation  of  rotation,  30°  in  either  direction  due  to  the  beam  being  partially  off  the  sample, 
was  overcome  with  the  new  sample  holder.  We  are  now  are  able  to  achieve  a  maximum 
rotation  angle  of  40°.  Evantually,  we  would  like  to  be  able  to  record  data  at  angles  equal  to 
45°  and  greater  since  those  angles  of  incidence  are  of  greatest  interest  to  the  study  of 
secondary  electron  emission  in  depressed  collectors. 

Figure  9  displays  a  3D  plot  of  target  current  vs.  beam  energy  and  angle  of  incidence  (for 
clockwise  and  counter  clockwise  rotation)  for  the  copper  target. 


Figure  9.  Target  current  of  copper  vs.  beam  energy  and  angle  of  incidence  for  clockwise  and  counter 
clockwise  rotation  of  target. 


Presented  in  Figure  10  is  a  plot  of  S.E.Y.  (5)  vs.  beam  energy  for  a  copper  target  at  normal 
and  oblique  incidence.  S.E.Y.  is  calculated  using  the  expression:  S.E.Y.  =  1-1/  Ib,  where  I, 
is  the  target  current  and  lb  is  the  primary  beam  current. 


Beam  energy  [eV] 


Figure  10.  S.E.Y.  8  of  copper  vs.  beam  energy  for  normal  and  oblique  incidence  of  primary  electrons. 


The  yield  maxima  in  Figure  10  were  recorded  at  about  60  eV.  As  expected,  the  maximum 
yield  increases  as  the  angle  of  incidence  is  increased  from  0°  to  30°.  As  primary  electrons 
impinge  on  the  target  and  penetrate  it,  they  interact  with  the  surrounding  material  generating 
secondary  electrons.  When  the  angle  of  incidence  is  nonzero  (0  *  0),  the  penetration  depth  of 
primary  electrons  is  reduced  by  a  factor  of  cos  (0),  causing  a  larger  number  of  secondary 
electrons  to  be  emitted  as  compared  with  normal  incidence  [3,4], 


D.  Preliminary  Heat  distribution  results  in  copper  using  ANSYS 

As  was  indicated  in  last  year’s  annual  report,  considerable  variation  in  the  S.E.Y.  was 
observed  as  the  DC  beam  was  incident  onto  a  sample  over  a  period  of  time.  To  better 
understand  this  aspect  of  the  problem,  initial  thermal  simulations  based  on  a  simplified  two- 
dimensional  problem  were  performed.  A  heat  source  of  403  K  was  assumed  at  the  center  of 
the  copper  sample  -  over  a  I  mm  diameter  area  -  and  a  temperature  of  303  K  was  forced  on 
the  circumference.  Appropriate  parameters  for  conductivity  and  specific  heat  were  given  for 
copper.  As  expected,  a  radially  symmetric  temperature  distribution  was  observed,  as  shown 
in  Figure  1 1 .  The  simulation  was  transient  and  a  plot  of  the  variation  of  temperature  with 
time  is  indicated  in  Figure  12.  It  is  observed  that  the  temperature  distribution  reaches 
equilibrium  within  a  short  period  of  time,  of  the  order  of  40  -  80  s. 
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Figure  11:  Contour  plot  of  transient  thermal  Figure  12:  Graph  of  the  transient  thermal 

conduction  in  a  copper  disc.  response  of  a  copper  disc. 


Subsequent  simulations  focused  on  extending  the  previous  results  to  the  three-dimensional 
case  along  with  the  consideration  of  the  more  difficult  thermal  effect  -  radiation.  In  ANSYS, 
it  is  assumed  that  there  is  a  space  node  that  radiates  to  the  sample,  according  to  the  Stefan- 
Boltzmann  law.  Again  the  simulations  were  simplified  by  considering  that  the  top  surface 
was  the  only  one  being  irradiated.  Temperatures  of  100  K  and  500  K  were  imposed  on  the 
ends  of  sample,  while  the  radiating  node  was  at  a  temperature  of  1000  K.  Figures  13  and  14 
show  the  various  stages  in  a  10  second  simulation,  wherein  by  the  end,  the  sample  reaches 
thermal  equilibrium.  The  variation  of  radiation  with  time  is  indicated  in  Figure  15. 


Figure  13.  Various  stages  (increasing  time)  in  a  10  second  thermal  simulation  of  a  sample  with  100  K 
(left)  and  500  K  (right)  temperatures  imposed  at  ends  and  top  surface  being  radiated  to  by  a  node  at  1000 
K. 


Figure  14.  Various  stages  (increasing  time)  in  a  10  second  thermal  simulation  of  a  sample  with  (left)  100 
K  and  (right)  500  K  temperatures  imposed  at  ends  and  top  surface  being  radiated  to  by  a  node  at  1000  K. 
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Figure  15.  Variation  of  radiation  with  time  (in  seconds). 


The  final  simulation  (Figure  16)  was  performed  because  no  expected  observable  (visual) 
gradients  were  noted  on  the  top  radiating  surface.  It  turned  out  that  the  temperature  of  the 
radiating  node  had  to  be  increased  to  an  abnormally  high  value  of  25000  K-  approximately 
250  times  higher  than  the  temperature  on  the  sample  -  to  observe  the  expected  temperature 
gradients. 

The  thermal  simulations  were  halted  temporarily  following  the  above  case  due  to  lack  of 
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enough  experimental  data  and  the  fact  that  the  results  provided  by  ANSYS  were 
contradictory  to  expectations,  primarily  the  time  scales,  which  were  much  shorter  than 
expected. 


Figure  16.  Gradients  on  top  surface  produced  due  to  radiation  by  a  node  at  25000  K. 

In  experiments,  the  temperature  of  the  copper  sample  was  monitored  in  situ  by  placing  a 
thermocouple  on  its  edge.  A  temperature  increase  (from  27.4°  C  to  30.4°  C)  of  approximately 
3°  C  was  measured  while  the  beam  energy  was  increased  from  5  eV  to  1000  eV,  with  a  1 .525 
A  current  flowing  through  the  gun  cathode.  Using  AT  =  3°  C,  the  incident  thermal  energy 
was  estimated  to  be  about  23  J,  assuming  negligible  losses  through  radiation  and  conduction. 
This  value  is  in  very  good  agreement  with  that  obtained  for  the  energy  input  due  to  the 
incident  electron  beam  -  approximately  22  Joules. 

Further  investigation  is  needed  to  better  understand  the  local  conditions  on  the  sample  that  is 
illuminated  by  the  incident  electrons. 


Conclusions 

The  S.E.Y.  yield  and  target  current  for  copper  have  been  measured  (in  DC  mode)  as  a 
function  of  incident  primary  electron  beam  energy  (6  eV  to  1  keV)  for  both  normal  and 
oblique  incidence.  Initial  temperature  measurements  on  the  edge  of  the  copper  target  have 
been  taken,  and  these  results  are  being  analyzed  to  consider  what  might  influence  the 
measured  S.E.Y.  The  S.E.Y.  values  and  shape  are  consistent  with  the  literature,  although  the 
time-dependent  behavior  of  the  yield  (S.E.Y.  decreases  over  time  at  these  low  energies)  is 
still  under  study. 
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Thermal  modeling  was  performed  for  the  copper  sample  using  ANSYS  7.1.  It  is  believed  that 
the  thermal  effects  prevalent  on  the  sample  are  primarily  due  to  local  heating  as  in  the  case  of 
lasers  and  other  similar  heat  sources.  It  is  therefore  now  assumed  that  it  is  beyond  the 
capabilities  of  ANSYS  to  account  for  such  effects,  which  is  why  other  simulation  software 
with  capabilities  for  simulating  the  experimental  conditions  are  being  considered. 

DC  measurements  of  the  S.E.Y.  of  a  copper  substrate  plasma-sprayed  with  boron  carbide  are 
under  way.  The  data  will  be  recorded  over  the  full  range  of  the  gun:  5  eV  to  2  keV.  The  DC 
measurements  will  be  followed  by  measurements  in  the  pulsed  regime  for  comparison. 
(These  results  will  be  presented  at  the  2005  IVEC  Conference.) 

Finally,  in  forthcoming  experiments,  a  Nd:YAG  laser  will  be  used  to  ablate  material  from  the 
various  samples  being  studied  to  better  understand  the  influence  of  microscopic  surface 
morphology  on  S.E.Y.  measurements. 

The  research  effort  will  continue,  thanks  to  a  follow-on  grant  from  AFOSR  that  commenced 
1  January  2005. 
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